The Quantum Anomalous Hall Effect at high temperatures is one of the main challenges in condensed matter physics. A proposed realization is in thin films of systems with a large Anomalous Hall Effect in the bulk. Magnetic Heusler compounds are a promising class of materials for this purpose because they grow in thin films and have a high Curie temperature. In these systems, the interplay between magnetism and topological band structures leads to strongly enhanced anomalous Hall and Nernst effects. Here, we provide a comprehensive study of the intrinsic anomalous transport for magnetic cubic full Heusler compounds and we illustrate that several Heusler compounds outperform the best so far reported materials. The results reveal the importance of mirror planes in combination with magnetism for giant anomalous Hall and Nernst effects, which should be valid in general for linear responses (spin Hall effect, spin orbital torque, etc.) dominated by intrinsic contributions.
MAIN TEXT Introduction
The search for the quantum anomalous Hall effect (QAHE) (1, 2) at high temperatures is one of the main challenges in condensed matter physics, with proposed applications in topological quantum computing (3) . One possible way to realize this effect is in thin films of systems that show a large anomalous Hall effect (AHE) (4, 5) in the bulk phase (6-8).
Here, the topological features that cause the large AHE, e.g. Weyl points or nodal lines, are gapped in the thin film limit, leading to an inverted band gap with a QAHE. A promising class of candidate materials are the magnetic Heusler compounds (9) . They are a versatile group of materials that are easily tunable for many different properties (10) (11) (12) (13) . Even more importantly, they have large Curie temperatures and it is possible to grow them as thin films (14) (15) (16) (17) .
Heusler compounds host both magnetism and topological band structures, leading to a very large Berry curvature (BC). This renders them as a promising platform for investigating anomalous linear response effects like the AHE, the anomalous Nernst effect (18, 19) (ANE), and the magneto-optic Kerr effect (20-22) (MOKE). Due to the fact, that AHE, ANE, and MOKE are linked to the BC of the system (5, 19, 23, 24) , a large enhancement from the intrinsic contributions is expected. These effects give insights into the electrical, thermoelectrical, and magneto-optical properties of magnetic materials (25) and can also be used in applications, e.g. for data storage, data transfer, and thermoelectric power generation. Therefore, both the understanding of the underlying mechanisms and the search for materials with strong linear responses in the effects described above has attracted extensive interest in both fundamental physics and material science.
A strong AHE and the highest so far reported ANE were found in a Heusler system, Co 2 MnGa (26) (27) (28) (29) (30) . However, the plethora of possible compounds also makes it challenging to figure out the most promising ones. Therefore, simple guidelines for estimates of the linear responses are required to open up new possibilities in the search for interesting materials with large linear response effects.
Results

Guiding principles for large AHE and ANE
In this work we theoretically investigate all cubic and stable magnetic full Heusler compounds from the Heusler database of the University of Alabama (31) . This is done by applying the workflow shown in Figure 1 to all compounds which satisfy the above mentioned criteria. We link the resulting anomalous Hall conductivity (AHC), anomalous Nernst conductivity (ANC), and Kerr angle to structural and electronic properties of the materials, such as space group (SG), lattice constant, magnetic moment, number of valence electrons, and density of states at the Fermi level.
To reveal general rules for the linear response in cubic Heusler compounds, we analyzed these results carefully for underlying concepts and correlations. A distinct difference is present between the two space groups. In Figure 2 (a) and (b) the crystal structure of a regular (SG 225) and an inverse (SG 216) cubic Heusler compound are shown, respectively. In SG 225 we find three mirror planes at x=0, y=0, and z=0, that are not present in SG 216 due to the reduced symmetry. Comparing now the values for the AHC, ANC, and Kerr angle of both space groups, we find larger values of all three properties for the regular structure (SG 225), as shown in Figure 2 (d)-(f). This can be understood in terms of the symmetries which are present in the two space groups. The mirror planes of SG 225 enforce symmetry protected nodal lines in the regular Heusler compounds. Taking the magnetization in these compounds into account some of the mirror symmetries are broken and therefore also the nodal line is no longer protected (see Figure 2 (c)). Consequently, the respective nodal line gaps out and induces a large BC into the band structure (32, 33) . This effect leads to the larger values in AHC, ANC, and the Kerr angle, as they are closely related to the BC (see Methods section and Supplementary Figure S1 ).
It is also interesting to investigate the connection between the number of valence electrons and the AHC/ANC. Figure 3 (a) reveals a double peak structure in the AHC with a small maximum located at 21 valence electrons and a larger maximum at 28. This can be seen for both maximum values (light green area) and average values (blue line). A similar behavior of a double peak structure with a minimum around 23 to 24 valence electrons (grey area) exists for the ANC in Figure 3 (b). Due to the fact that both AHE and ANE are very sensitive to the Fermi level E F we also investigate the maximum AHC and ANC in a range of 250 meV around E F . This is especially interesting because Heusler compounds are easy to dope and thus the Fermi level can be controlled. Figure 3 (c) and (d) show the dependence of maximum AHC and ANC, respectively, on the number of valence electrons. Also here the double peak structure with the same minimum position can be identified.
This behavior can be understood in terms of the symmetry protection argument from the previous paragraph. The gapping of the nodal lines generates a large BC but it is also important to find this structure close to E F . A valence electron count of 21 or 28 corresponds to a filling level with the nodal lines close to the Fermi level, which leads in consequence to large AHC and ANC, as described above.
Another interesting connection to investigate is between the different responses. Looking at the dependence of the ANC on the AHC in Figure 3 (e) it can be seen that the two properties are independent of each other, i.e. a large AHC not necessarily causes a large ANC. This shows the importance of treating the two mechanisms independently even if they are both linked to the BC. However, a different picture arises when taking the maximum value of both AHC and ANC in a range of 250 meV around E F into account, as shown in Figure 3 (f). Here, a linear connection between the absolute values is visible. This can be understood from the fact that both effects rely on a large BC in the band structure. Due to the different mechanisms of the two effects (see methods section) the energetic distribution of the contributions is different but nonetheless the presence of large BC increases both of these values (33, 34) .
In conclusion, the connections discussed in the previous paragraphs show, that the symmetry of the compound is very important to find materials with large linear responses. Systems with mirror symmetries in the crystal structure and magnetism can exhibit strong effects due to the nodal line gapping. Apart from that the most important influence is the exact location of the BC in the band structure with respect to the Fermi level. For full Heusler compounds our calculations reveal that this is the case for a number of valence electrons around 21 and 28. We do not find such clear correlations for the Kerr angle because it is sensitive not only to the Fermi level position but to the transition energy ℏωω.
Furthermore, the calculations for the single materials show very appealing results. In particular, some of the calculated values are in range of or even exceed the highest reported values so far.
Selected materials with large AHE and ANE
In the following we present selected results of the calculated compounds. The full results for the 255 compounds are shown in the Supplementary Information. Table 1 shows materials with a large AHC and/or ANC. All of them belong to SG 225 which is due to the existance of mirror planes together with magnetism.
Looking at the AHC we find that the compounds Co 2 MnAl, Rh 2 MnAl, and Rh 2 MnGa have values almost as large as Fe (35), which is the highest value ever reported. This is especially interesting because the first two mentioned compounds have already been synthesized (36, 37) . For the ANC the largest reported experimental value so far is 6 A m -1 K -1 in Co 2 MnGa (28, 29) . It is important to note, that this value is not reached at the charge neutral point but with some doping (28) . In the Heusler compounds we find a similar value for Rh 2 NiSi and an even larger value for Rh 2 NiSn, which has already been synthesized (38) .
However, it is important to take the energy dependence of the AHC and ANC into account. Therefore, we additionally show the largest possible value in a range of 250 meV around E F in Table 1 . This is, because real materials will always have some vacancies or defects which lead to small doping effects and consequently to a shift in the Fermi level. Furthermore, Heusler compounds can also be doped in a controlled way to engineer a compound with the desired Fermi level position. Taking the possibility of doping into account, all compounds shown in Table 1 have a very large ANC, with most of them even exceeding the current record value. The largest values that we find are 10.99 A m -1 K -1 in Co 2 FeSn, 9.11 A m -1 K -1 in Co 2 FeGe, and 8.33 A m -1 K -1 in Rh 2 MnGa.
These results show that the changes in E F can have a large influence on the anomalous transport coefficients, especially on the ANC. To illustrate this in more detail, Figure 4 shows two example materials from Table 1 with the energy dependent AHC and ANC. For the AHC a small shift in the Fermi level can greatly enhance or decrease the value, as it can be seen for Rh 2 NiSn (Figure 4 upper panel) : Here the AHC is 1682 S cm -1 for E -E F = -110 meV but only 360 S cm -1 at E F . However, for the ANC these changes are even stronger. This can be seen in Rh 2 MnGa (Figure 4 lower panel) , where a change from E F to E -E F = -130 meV leads to a change in the ANC from 3.82 A m -1 K -1 to -8.33 A m -1 K -1 , including a sign change.
Therefore, it is very important for comparison between experimental and calculated results to take the exact position of the Fermi level into account. The energy dependence of the AHC and ANC for all calculated materials is given in the Supplementary Information.
Discussion
In summary, we have investigated the AHE, ANE, and MOKE of all the stable magnetic cubic full Heusler compounds given in the Heusler database of the university of Alabama (31) . From evaluating the linear response values of the different space groups we find that the symmetries are very important. To achieve a large AHC and ANC it is important to have mirror symmetries, which lead in combination with magnetism to a large BC in the band structure and consequently to large linear response coefficients. The existance of mirror planes should also be important for other linear response effects that are dominated by intrinsic contributions such as the spin Hall effect and the spin Nernst effect.
Apart from that the linear response is mostly influenced by the exact position of the BC in the band structure with respect to the Fermi level. For Heusler compounds, this can be linked to the number of valence electrons with two sweet spots at 21 and 28 electrons per unit cell. Some of the materials show a very large AHC and/or ANC, which is close to or even exceeds the highest values that are reported so far. It is important to note, that both AHC and ANC are strongly dependent on the position of the Fermi level and therefore on the doping of the investigated material. This always has to be taken into account when comparing experimental and theoretical results.
This work shows the versatility and usability of Heusler compounds to achieve large linear response values and illustrates the importance of mirror symmetries. It proposes a comprehensive list of their properties including large values for the AHC and new record values for the ANC and thus paves the way for new high performance compounds.
Materials and Methods
For our investigation we start with the structural data given by the Heusler Database of the University of Alabama (31) where we choose all cubic compounds that are given as stable.
The compounds without a magnetization are set aside because for the investigated linear responses only systems without time-reversal symmetry are interesting. This results in 255 materials which satisfy these conditions.
For the chosen compounds we take the lattice constant and the space group as inputs for the density-functional theory (DFT) calculation. For this we employ the package VASP (39) with pseudopotentials, plane waves and the generalized-gradient approximation (GGA) (40) for the exchange-correlation potential. For the self-consistent calculations a k mesh of 13 x 13 x 13 points was used. The DFT calculation is done with different starting values for the magnetic moments until the total magnetization given in the database is reproduced. For all calculations the magnetic moments were chosen to be parallel to the (001) direction. In the following we create Wannier functions via the package Wannier90 (41) with a projection of the Bloch states to the atomic orbitals. The wannierization is repeated with different parameters until the average energy difference between the Wannier functions and the DFT wave functions along a given path in k space is less than 1 meV in a range from E F -4 eV to E F + 4 eV. Then we extract Tight-Binding parameters and use this Hamiltonian, H, to calculate the Berry curvature (BC), Ω, via the Kubo formalism (5, 23, 42) Science Advances Manuscript Template Page 5 of 16
with |n ⟩ and E n being the eigenstates and -energies of H, respectively.
We evaluate the anomalous Hall conductivity (AHC), σ, from the BC as
and the anomalous Nernst conductivity (ANC), α, as proposed by Xiao et al. (19, 42) 
Here, T is the actual temperature, f n is the Fermi distribution, and E F is the Fermi level.
Furthermore, we calculate the optical Hall conductivity, σ(ω), using the Kubo formalism (43, 44) :
where ω is the transition energy and δ has a positive infinitesimal value. From this we evaluate the Kerr angle, θ K , as (21, 22) 
